RANK and CD40 activate NF-jB and MAPKs to similar levels via TRAF6. Even though overexpression of TRAF6 results in osteoclast formation, RANK but not CD40 promotes osteoclastogenesis. To understand the molecular basis for RANK-specific activity in osteoclastogenesis, we created an osteoclast formation system driven by antihuman CD40 antibody-mediated stimulation of a chimeric receptor, h40/mRK, which consists of the extracellular domain of human CD40 and the transmembrane and cytoplasmic domains of mouse RANK. By introducing mutations into three TRAF6-binding sites of RANK, we found that h40/mRK with a single TRAF6-binding site efficiently induced Ca 2 þ oscillation and expression of NFATc1, a master switch in osteoclastogenesis, whereas CD40 carrying a single TRAF6-binding site did not. However, expression of CD40 that was approximately 100 times greater than that of h40/mRK resulted in osteoclast formation, indicating that the RANK-TRAF6 signal is more potent than the CD40-TRAF6 signal in terms of NFATc1 activation and osteoclastogenesis. These results suggest that RANK may harbor a specific domain that amplifies TRAF6 signaling.
Introduction
Interactions of ligands and receptors of the tumor necrosis factor (TNF) superfamily trigger critical intracellular signals that are essential for development, homeostasis and adaptive responses of the immune system (Bodmer et al, 2002) .
Among various sets of the TNF family ligand and its receptor, receptor activator of NF-kB (RANK, also known as TRANCE receptor) and RANK ligand (RANKL, also known as ODF, OPGL and TRANCE) play crucial roles in maintaining the homeostasis of bone remodeling, which is regulated by a balance of osteoblast-mediated bone formation and osteoclast-mediated bone resorption; stimulation of RANK in osteoclast progenitor cells is an essential step for osteoclast formation. RANKL-or RANK-deficient mice display osteopetrosis due to a lack of osteoclasts (Dougall et al, 1999; Kong et al, 1999) . Excess formation or activity of osteoclasts in human leads to pathological bone resorption, as observed in postmenopausal osteoporosis, rheumatoid arthritis, Paget's disease and tumor bone metastases (Rodan and Martin, 2000; Takayanagi et al, 2000) . Therefore, precise elucidation of the regulatory mechanisms of osteoclast formation, particularly the molecular mechanisms of RANK signaling, is essential for understanding the onset of skeletal diseases and for developing drugs to treat these diseases.
Intracellular signaling pathways of RANK are mediated by members of the TNF receptor-associated factor (TRAF) family (Galibert et al, 1998; Wong et al, 1998; Darnay et al, 1999; Hsu et al, 1999) . To date, seven members of the TRAF family have been described (Inoue et al, 2000; Bouwmeester et al, 2004) . Among them, TRAF2, TRAF3, TRAF5 and TRAF6 bind to the cytoplasmic tail of RANK in vitro. TRAF6 is the only TRAF involved in signaling from members of the Toll/IL-1R family by its interaction with IL-1R-associated kinase (IRAK) (Cao et al, 1996; Ishida et al, 1996a) . Furthermore, TRAF2, TRAF3 and TRAF5 bind to the membrane-distal domain of the cytoplasmic tail of RANK, whereas TRAF6 interacts with the membrane-proximal domain). We and others (Lomaga et al, 1999; Naito et al, 1999) showed previously that TRAF6-deficient (TRAF6 À/À ) mice exhibit severe osteopetrosis and are defective in osteoclast formation due to defective signaling from RANK upon binding of RANKL. Furthermore, RANKinduced activation of NF-kB and MAPKs in osteoclast progenitor cells is abrogated in the absence of TRAF6 (Kobayashi et al, 2001) , consistent with previous findings that NF-kB and MAPKs play crucial roles in osteoclastogenesis (Franzoso et al, 1997; Iotsova et al, 1997; Matsumoto et al, 2000; David et al, 2002; Yamamoto et al, 2002; Ikeda et al, 2004) .
CD40, another member of the TNF receptor superfamily, transmits signals through TRAF family members, including TRAF2, TRAF3, TRAF5 and TRAF6 (Cheng et al, 1995; Ishida et al, 1996a, b) . As with RANK, TRAF2, TRAF3 and TRAF5 bind to the membrane-distal domain of the cytoplasmic tail of CD40, whereas TRAF6 interacts with the membrane-proximal domain (Tsukamoto et al, 1999) .
Herein, we first show that TRAF6 plays a crucial role in CD40-mediated NF-kB and MAPK activation in osteoclast progenitor cells. Despite such similarities between roles of TRAF6 in RANK signaling and those in CD40 signaling, stimulation of CD40 in osteoclast progenitor cells does not result in osteoclast formation. Therefore, RANK, but not CD40, is able to transmit specific signals leading to osteoclastogenesis. Elucidation of the molecular mechanisms of this RANK-specific function in osteoclastogenesis is essential for developing drugs for the treatment of pathological bone resorption. Thus, we generated and expressed chimeric receptors in which the extracellular domain of human CD40 was fused to the transmembrane domain and cytoplasmic tail of mouse RANK, and we searched for specific structures in RANK critical for osteoclastogenesis.
Results
The RANK-TRAF6 pathway but not the CD40-TRAF6 pathway promotes osteoclastogenesis When bone marrow cells were stimulated for 3 days with RANKL after 2 days of culture in the presence of M-CSF, multinucleated tartrate-resistant acid phosphatase-positive (TRAP þ ) osteoclasts were formed ( Figure 1A ). Osteoclast formation is dependent on RANK-mediated NF-kB activation, which requires TRAF6 (Kobayashi et al, 2001) . To address whether activation of TRAF6 is sufficient to promote osteoclastogenesis, TRAF6 was overexpressed in osteoclast progenitor cells by retrovirus-mediated gene transfer. Multinucleated TRAP þ osteoclasts were formed, although these osteoclasts were smaller in number and size than those generated by RANKL stimulation ( Figure 1A ). These osteoclasts were able to resorb bone (data not shown), indicating that activation of TRAF6 by its overexpression is sufficient for the differentiation and activation of osteoclasts. In contrast, when TRAF2 was overexpressed by similar retrovirus-mediated transfection, no TRAP þ cells were observed ( Figure 1A ). Overexpression of TRAF5 also failed to induce osteoclast formation (data not shown). Thus, the ability to induce osteoclast formation is specific to TRAF6. CD40, another member of the TNF receptor superfamily, transmits signals through TRAF2, TRAF3, TRAF5 and TRAF6 (Ishida et al, 1996a, b; Tsukamoto et al, 1999) , as with RANK. To address whether TRAF6 plays a crucial role in CD40-mediated activation of NF-kB in osteoclast progenitor cells, splenocytes were prepared from either TRAF6 À/À mice or littermate controls and cultured for 3 days in the presence of M-CSF, and stimulated with CD40L. Because the number of bone marrow cells was reduced significantly in TRAF6
À/À mice due to severe osteopetrosis (Lomaga et al, 1999; Naito et al, 1999) , splenocytes were used instead of bone marrow cells. CD40-mediated activation of NF-kB and MAPKs was observed in splenocytes from control mice but not in splenocytes from TRAF6 À/À mice ( Figure 1B , data not shown).
Furthermore, when TRAF6 was complemented by retrovirus vector-mediated gene transfer, NF-kB and MAPKs activation was observed with CD40L stimulation, indicating that CD40-mediated NF-kB and MAPKs activation in osteoclast progenitor cells was TRAF6 dependent ( Figure 1B , data not shown).
In spite of significant NF-kB and MAPKs activation by the CD40-TRAF6 signal, stimulation of CD40 did not result in osteoclast formation ( Figure 1A ). These results led us to investigate why the RANK-TRAF6 pathway and TRAF6 overexpression but not the CD40-TRAF6 pathway promote osteoclast formation.
Establishment of an ex vivo osteoclast formation system driven by a chimeric receptor of CD40 and RANK To elucidate the molecular mechanisms by which RANK signaling but not TRAF6 signaling mediated by other cytokine receptors such as CD40 and IL-1R induces osteoclastogenesis, we first compared the primary structures of the cytoplasmic tails of RANK and CD40 ( Figure 2A ). It has been reported that the cytoplasmic tail of RANK contains three TRAF6-binding sites and two critical sites for binding of other TRAF family members including TRAF2, TRAF3 and TRAF5 (Galibert et al, 1998; Wong et al, 1998; Darnay et al, 1999; Hsu et al, 1999; Ye et al, 2002) . The cytoplasmic tail of CD40 possesses a single TRAF6-binding site as well as a binding site for TRAF2, TRAF3 and TRAF5 (Tsukamoto et al, 1999) . Because binding sites for TRAF2, TRAF3 and TRAF5 in RANK are reported to be dispensable for osteoclast formation (Armstrong et al, 2002) , we first focused on the difference in the number of TRAF6-binding sites between RANK and CD40. We hypothesized that three TRAF6-binding sites are required to transmit a signal strong enough to promote osteoclast formation, whereas a single TRAF6-binding site is not sufficient. To test this, we generated a retrovirus vector expressing a chimeric receptor in which the extracellular domain of human CD40 was fused to the transmembrane domain and À/À mice was infected with retrovirus expressing TRAF6 (pMX-TRAF6) (Kobayashi et al, 2001 ) after 1 day in culture and then cultured for 2 days with M-CSF. Cells were then stimulated with CD40L for indicated periods, and nuclear extracts were prepared. Electrophoretic mobility-shift assays were performed as described in Materials and methods. cytoplasmic tail of mouse RANK (h40/Mrk; Figure 2A ). After expressing h40/mRK in osteoclast progenitor cells by retrovirus-mediated gene transfer, the chimeric receptor can be stimulated with agonistic anti-human CD40 monoclonal antibody (G28-5) (Clark et al, 1988) . Stimulation of osteoclast progenitor cells with G28-5 antibody did not induce activation of NF-kB and MAPKs (data not shown), whereas stimulation of these cells with CD40L resulted in marked activation of NF-kB ( Figure 1B ), indicating that G28-5 antibody does not stimulate mouse CD40. Therefore, the effect of signaling from endogenous mouse CD40 could be ruled out in our system. Furthermore, the activity of hCD40 and h40/mRK could be compared because the amount of each receptor expressed on the cell surface could be measured with the same anti-CD40 antibody. When h40/mRK was expressed in bone marrow cells cultured for 3 days with M-CSF and was stimulated with anti-CD40 antibody, multinucleated TRAP þ osteoclasts were generated efficiently. The number of multinucleated TRAP þ osteoclasts, number of nuclei per single osteoclast and intensity of TRAP staining were comparable to those observed in cells stimulated with RANKL ( Figure 2B and C). In contrast, when hCD40 was expressed at levels similar to that of h40/mRK ( Figure 4A ) and was stimulated with anti-CD40 antibody, no osteoclasts were formed ( Figure 2B and C). To exclude the possibility that the h40/mRK signal induces expression of RANKL, which then in turn stimulates RANK to trigger osteoclast formation, the effect of osteoprotegerin (OPG), which acts as a decoy receptor for RANKL, was examined. Whereas OPG completely blocked osteoclast formation induced by RANKL stimulation, the number of osteoclasts generated by h40/mRK signaling was not affected ( Figure 2B and C), indicating elimination of RANKL induction in our system.
Specific binding of TRAF6 to the cytoplasmic tail of mouse RANK
Crystallographic study of TRAF6 in complex with TRAF6-binding peptides from CD40 and RANK led to the identification of a Pro-X-Glu-X-X-(aromatic/acidic residue) as a consensus TRAF6-binding motif (Ye et al, 2002) . Three putative TRAF6-binding sites in RANK, which match the consensus TRAF6-binding motif, and a single binding site in CD40 have been reported. Substitution of Ala for Glu at the fourth amino-acid position of the TRAF6-binding motifs in CD40 and RANK abolishes binding to TRAF6 (Tsukamoto et al, 1999; Ye et al, 2002) . Therefore, by introduction of such mutations into each TRAF6-binding motif of h40/mRK, we addressed whether the binding site plays a role in NF-kB activation. According to the results of transient transfection reporter assays, all three sites in RANK are required for full activation of NF-kB (data not shown) (Ye et al, 2002) , and mutation of the binding site in CD40 results in a dramatic reduction of NF-kB activation (Tsukamoto et al, 1999) . To evaluate the functional role of the three TRAF6-binding sites of RANK in osteoclastogenesis, we generated single, double and triple mutations at each of the Glu residues to disrupt one, two or three of the TRAF6-binding sites in h40/mRK ( Figure 3A ). Because of discrepancies in the identified TRAF6-binding sites of RANK among reports (Galibert et al, 1998; Wong et al, 1998; Darnay et al, 1999; Hsu et al, 1999; Ye et al, 2002) , we first addressed whether the substitution of Ala for Glu in the three TRAF6-binding sites of RANK abolishes TRAF6 binding in our experimental system. The cytoplasmic tail of RANK, with double mutations (EAA, AEA or AAE) or with triple mutations (AAA) fused to GST, was coexpressed with FLAG-TRAF6 in 293T cells, and GST pulldown assays were performed. GST-EAA, -AEA and -AAE but not GST-AAA bound to TRAF6 ( Figure 3B ). To further confirm associations between the substitution mutations and the binding activity of each TRAF6-binding site, 17-mer peptides comprised of the wild-type or mutant TRAF6-binding site and adjacent amino acids derived from RANK were expressed as GST fusion proteins together with FLAG-TRAF6. GST pulldown assays revealed that TRAF6 associated with the 17-mer peptides and that single amino-acid substitution mutation of any of the three TRAF6-binding sites is sufficient to abolish TRAF6 binding. In both binding experiments, association of TRAF6 with binding site I (BS-I, EAA) was more efficient than that with binding site II or III (BS-II, AEA or BS-III, AAE), consistent with the finding of Ye et al (2002) that TRAF6 binds to BS-I with at least 10 times the affinity of binding to BS-II or BS-III. These clear associations between the mutations and the binding activity of each TRAF6-binding site of RANK allowed us to test our hypothesis that the number of TRAF6-binding sites is critical for osteoclastogenesis.
A single TRAF6-binding site is sufficient for osteoclastogenesis
In our experiments, approximately 60% of bone marrow cells were infected with each of the recombinant retroviruses (data not shown). To compare the activities of various receptors without unexpected effects of uninfected cells in the assay system, cells were cultured in the presence of puromycin for 2 days after infection to remove uninfected cells. Nearly equal numbers of cells were selected among the different infected cultures. Therefore, we assumed that the densities of infected cells in each culture dish were similar among the different infected cultures when cells were stimulated with anti-CD40 antibody. After selection with puromycin, almost 100% of the cells expressed CD40, h40/mRK or h40/mRK mutants at similar levels ( Figure 4A ). Even upon stimulation by anti-CD40 antibody, the triple mutant (AAA) was unable to induce osteoclast formation, indicating that h40/mRK-mediated osteoclastogenesis is TRAF6 dependent (Figure 4B, top) . Failure to induce the formation of osteoclasts from TRAF6-deficient splenocytes by h40/mRK signaling further supports this notion (data not shown). h40/mRK mutants containing two TRAF6-binding sites (AEE, EAE, EEA) induced osteoclast formation comparable to that by h40/mRK ( Figure 4B, top) . Among the double mutants, the AAE mutant, in which the first and second TRAF6-binding sites (I and II) were disrupted, failed to induce osteoclast formation. The other double mutants (AEA, EAA) induced osteoclast formation comparable to that by h40/mRK in terms of the number ( Figure 4B , top) and size ( Figure 4B , bottom) of osteoclasts. Furthermore, osteoclasts generated by double mutants showed bone-resorbing activity similar to that generated by h40/mRK or RANK ( Figure 4C ). These results indicate that a single TRAF6-binding site is sufficient to promote osteoclastogenesis.
Given that CD40, like the AEA and EAA mutants of h40/ mRK, possesses a single TRAF6-binding site and that overexpression of TRAF6 results in osteoclast formation, we next looked for differences in downstream signals critical for 
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GST pull-down osteoclastogenesis. Stimulation of h40/mRK and the AEA and EAA mutants by anti-CD40 antibody resulted in similar activation of NF-kB, JNK and p38 ( Figure 5A ). In contrast, the AAE and AAA mutants, which were unable to promote osteoclastogenesis, failed to activate NF-kB, JNK or p38 ( Figure 5 ), strongly suggesting that activation of NF-kB, JNK and p38 is required for osteoclastogenesis, consistent with previously reported findings (Franzoso et al, 1997; Iotsova et al, 1997; Matsumoto et al, 2000; David et al, 2002; Yamamoto et al, 2002; Ikeda et al, 2004) . However, stimulation of CD40 resulted in activation of NF-kB and MAPKs to similar levels and with kinetics similar to those induced by h40/mRK ( Figure 5A ), indicating that Infected cells were then cultured for 1 day with M-CSF and further cultured for 2 days with puromycin in addition to M-CSF to remove uninfected cells. Cells were then unstimulated or stimulated with three different concentrations of anti-human CD40 monoclonal antibody. At 3 days after stimulation, cells were fixed and stained for TRAP (bottom), and multinucleated TRAP þ cells were counted (top). (C) Bone-resorbing activity of osteoclasts generated by signals from h40/mRK or its mutants. Bone marrow cells were cultured on dentine slices for 1 day with M-CSF and then infected with retrovirus expressing chimeric receptor h40/mRK or its various mutants, followed by 2 days of culture with puromycin in addition to M-CSF. Cells were then stimulated with anti-CD40 antibody or RANKL for 3 days. Resorption pits on dentine slices were visualized by staining with 0.5% toluidine blue, and total pit area on dentine slices was measured. Osteoclasts formed under identical conditions were counted, and the resorption area per single osteoclast was calculated. Activation of NF-kB and MAPKs by CD40 is similar to that by the chimeric receptor and its mutants that promote osteoclastogenesis. Bone marrow cells were cultured for 1 day with M-CSF and then infected with retrovirus expressing human CD40, chimeric receptor h40/mRK or its various mutants. Infected cells were cultured for 1 day with M-CSF and further cultured for 2 days with puromycin in addition to M-CSF to remove uninfected cells. Cells were then unstimulated or stimulated with anti-CD40 antibody for indicated periods. Cell lysates were prepared, and immunoblot analysis was performed with antibody reactive to IkBa, phosphorylated JNK (p-JNK), phosphorylated p38 (p-p38) or p38 (A). Lysates prepared from cells expressing h40/mRK or hCD40 were analyzed by Western blot with antibody reactive to phosphorylated ERK1, phosphorylated ERK2 or ERK2 (B).
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activation of NF-kB, JNK and p38 is not sufficient for osteoclastogenesis.
RANK-specific amplification of TRAF6 signaling is required for osteoclastogenesis
It has been reported that the RANK-TRAF6 pathway induces expression of NFATc1 and evokes Ca 2 þ oscillations that lead to calcineurin-mediated activation of NFATc1, which in turn induces expression of osteoclast-specific genes (Ishida et al, 2002; Takayanagi et al, 2002) . Furthermore, NFATc1-deficient embryonic stem cells fail to differentiate into osteoclasts upon RANKL stimulation, and ectopic expression of NFATc1 in precursor cells results in osteoclast formation . Thus, NFATc1 is a critical transcription factor that is suggested to be a master switch for the differentiation and maturation of osteoclasts. Since NFAT cooperates with AP-1 by forming a complex (Macián et al, 2000) and RANKLinduced NFATc1 associates with c-Fos, a subunit of AP-1, to induce expression of osteoclast-specific genes , we analyzed long-term activation of ERK, which is required for accumulation and activation of c-Fos (Murphy et al, 2002) . Kinetics of ERK activation were not different between h40/mRK and CD40 ( Figure 5B ), suggesting that activity of AP-1 may be similarly induced by both receptors. We then analyzed Ca 2 þ oscillations induced by signals from CD40 and various chimeric receptors. Ca 2 þ oscillations were efficiently induced by h40/mRK and the EAA mutant, which are capable of promoting osteoclastogenesis, but not by CD40 or the AAE mutant, which are unable to induce osteoclast formation ( Figure 6A ). Therefore, we next analyzed the expression of NFATc1 induced by signals from CD40 and various chimeric receptors. Stimulation of h40/mRK resulted in strong induction of NFATc1, although the induction was weaker than that in response to RANKL ( Figure 6B ). The AEA and EAA mutants, which possess single TRAF6-binding sites and were capable of promoting osteoclastogenesis, also induced NFATc1 expression ( Figure 6B ). In contrast, the AAE and AAA mutants, which were unable to induce differentiation of osteoclasts or activate NF-kB or MAPKs, did not induce NFATc1 expression ( Figure 6B ). Interestingly, stimulation of CD40 under conditions in which both NF-kB and MAPKs were efficiently activated resulted in no induction of NFATc1, and osteoclasts were not observed ( Figure 6B and C, CD40). These results indicate that RANK but not CD40 possesses a unique ability to induce and activate NFATc1 in addition to activation of NF-kB and MAPKs when the two receptors are equally expressed. To address whether high expression of CD40 results in osteoclastogenesis, we used either 20-or 100-fold concentrated virus stock solutions for infection. Although two populations of infected cells were generated by each concentration, higher peaks were seen in populations of cells expressing approximately 20 times (CD40(middle)) and 100 times (CD40(high)) the amount of surface CD40 in comparison to regular infection concentration ( Figure 6C, left) . Upon stimulation by anti-CD40 antibody, a significant amount of multinucleated TRAP þ osteoclasts was generated from CD40(high) cells, whereas osteoclasts were not generated from CD40(middle) cells ( Figure 6C, right) . Furthermore, a significant amount of NFATc1 was induced when CD40(high) cells were stimulated, while NFATc1 was not induced in CD40(middle) cells upon stimulation ( Figure 6B) . Therefore, the RANK-TRAF6 signal is theoretically approximately 100 times stronger than the CD40-TRAF6 signal in terms of NFATc1 induction and osteoclast formation.
Inability of the TRAF6-binding site of RANK in the context of the cytoplasmic tail of CD40 to promote osteoclastogenesis
To address whether the TRAF6-binding site of RANK itself has the ability to promote osteoclastogenesis, CD40 carrying one of the TRAF6-binding sites of RANK in the form of 17-mer TRAF6-binding peptides instead of its own TRAF6-binding site (h40-BS-I, h40-BS-II, h40-BS-III; Figure 7A ) was expressed in bone marrow cells. The expression level of these receptors was controlled to be similar to that of CD40 in CD40(middle) cells ( Figure 7B , left) because this expression level was the highest expression level that did not result in osteoclast formation. Upon stimulation by anti-CD40 antibody, none of the TRAF6-binding site-substituted receptors promoted osteoclastogenesis (Figure 7, right) , even though h40-BS-I, h40-BS-II and h40-BS-III activated NF-kB (Figure 7 , middle). These results strongly suggest that the TRAF6-binding site of RANK itself is unable to promote osteoclastogenesis.
Discussion
In this study, we created an ex vivo osteoclast formation system driven by the signaling of a chimeric receptor, h40/ mRK, which consists of the extracellular domain of human CD40 and the transmembrane and cytoplasmic domains of mouse RANK, to elucidate the molecular mechanisms by which RANK specifically promotes osteoclastogenesis. h40/ mRK is stimulated by anti-CD40 monoclonal antibody that specifically stimulates human CD40 but not endogenous mouse CD40 present in progenitor cells. Therefore, expression levels and activities of hCD40, h40/mRK and mutant h40/mRK, into which mutations were introduced in the cytoplasmic region, could be compared. On the basis of data derived from this system, we conclude that two of the three putative TRAF6-binding sites of RANK (BS-I and BS-II in Figures 2A and 3A) can independently induce osteoclast formation. Therefore, the inability of CD40 to promote osteoclastogenesis is not caused by fewer TRAF6-binding sites in CD40 than in RANK but by the inability to induce sustained Ca 2 þ oscillations and subsequent induction of NFATc1, which is necessary for osteoclast formation (Ishida et al, 2002; Takayanagi et al, 2002) . Because activation of NF-kB and MAPKs by the EAA or AEA mutant of h40/mRK was almost equal to that by CD40, RANK must have an additional ability to induce Ca 2 þ -mediated expression and activation of NFATc1. Given that expression of NFATc1 and osteoclast formation can be induced by overexpression of TRAF6, RANK may amplify the TRAF6-mediated signal. In addition, approximately 100-fold expression of CD40 compared to that of h40/mRK resulted in low-level formation of functional osteoclasts with concomitant induction of NFATc1. This result also supports the idea that induction of sustained Ca 2 þ oscillations and NFATc1 requires amplification of TRAF6 activity. It has recently been reported that the Fc receptor common g subunit (FcRg) and DNAX-activating protein (DAP)12 activate calcium signaling through phospholipase Cg during osteoclast formation (Koga et al, 2004) . Therefore, the RANK-TRAF6 pathway but not the CD40-4TRAF6 pathway may activate signals through these immunoreceptor tyrosine-based activation motif (ITAM)-harboring adaptors, which may explain why stimulation of CD40 does not result in efficient induction of NFATc1 in osteoclast progenitor cells. Because the TRAF6-binding site of RANK in the context of the cytoplasmic tail of CD40 was unable to promote osteoclastogenesis, RANK may possess a unique domain that is separate from the TRAF6-binding site and acts to amplify TRAF6 activity by binding unidentified proteins or forming a specific conformation. Further studies are needed to elucidate the molecular mechanisms underlying RANK-specific amplification of TRAF6 function leading to calcium signaling and the induction of NFATc1.
Although the AAE mutant, in which only the TRAF6-binding site most distal to the transmembrane domain (BS-III in Figures 2A and 3A) is intact, activates NF-kB in transient transfection assays, this mutant did not activate NF-kB or MAPKs, nor did it promote osteoclastogenesis when expressed in progenitor cells and stimulated with anti-CD40 antibody. However, h40-BS-III, CD40 carrying the BS-III, activates NF-kB in a ligand stimulation-dependent manner, suggesting that BS-III may play a essential role in other functions of RANK including signaling leading to lymphotoxin secretion from fetal lymphotoxin-producing cells in lymph node organogenesis .
The ability of the double mutants EAA and AEA to induce ex vivo osteoclast formation and of the resulting osteoclasts to show bone-resorbing activity is similar to that of h40/mRK and the EEA mutant, which have two active TRAF6-binding sites. Why does RANK possess more than one TRAF6-binding site? Although the activation of NF-kB and MAPKs by EAA and AEA is similar to that induced by h40/mRK, the induction of NFATc1 by h40/mRK is slightly higher than that induced by the EAA and AEA mutants. Therefore, the several TRAF6-binding sites may cooperate to amplify TRAF6 activity more efficiently than a single binding site. Although the difference in ability of h40/mRK and that of single binding site mutants to induce NFATc1 does not correlate with their ability to promote osteoclastogenesis ex vivo, enhanced amplification of TRAF6 may be required for efficient osteoclast formation and for the establishment of normal bone-remodeling in vivo.
This study provides evidence that RANK-specific activation of TRAF6 leads to induction of NFATc1 and is critical for osteoclastogenesis. It has been reported that TRAF6 functions as a ubiquitin E3 ligase to catalyze lysine-63-linked ubiquitination of TRAF6 and IkB kinase (IKK)g (also known as NEMO), which is triggered by oligomer formation of TRAF6 (Deng et al, 2000; Wang et al, 2001; Sun et al, 2004) . Thus, RANK may facilitate oligomer formation of TRAF6 upon ligand stimulation much more efficiently than CD40. The requirement of TRAF6 E3 activity in NFATc1 induction remains to be elucidated. Identification of the specific structure of RANK that amplifies TRAF6 activity will be required to fully understand the molecular mechanisms of RANKmediated osteoclast formation and to develop drugs to treat pathological bone resorption and bone metastasis of tumors.
Materials and methods

Construction of expression plasmids
Human CD40 cDNA was amplified by the polymerase chain reaction (PCR) and was inserted into the pMX-puro retrovirus vector (Kitamura, 1998) to generate pMX-hCD40. For expression of the h40/mRK chimeric receptor, PCR was used to amplify a cDNA fragment encoding the cytoplasmic tail and the transmembrane domain of mouse RANK (amino acids 199-625) and a cDNA fragment encoding the extracellular domain of human CD40 (amino acids 1-188). Both fragments were ligated into pMX-puro (Kitamura, 1998) to generate pMX-h40/mRK. Introduction of point mutations into the TRAF6-binding sites of hCD40/mRK was performed by the method of (Kunkel, 1985) . For GST pull-down assays, cDNAs encoding the cytoplasmic tail of mouse RANK (amino acids 235-625) were isolated from pMX-h40/mRK and its TRAF6-binding site mutants and inserted into a mammalian expression vector, pME18S (Shiio et al, 1992) , together with GST protein cDNA to express GST-tagged RANK cytoplasmic tail (GSTmRKcyt) and its mutant proteins. cDNAs encoding 17-mer peptides containing each of the three putative TRAF6-binding sites of mouse RANK (BS-I: 336-SRKIPT(E/A)DEYTDRPSQP-352; BS-II: 369-PFQEPL (E/A)VGENDSLSQC-385; BS-III: 443-SGNTPG(E/A)DHEPFPGSLK-459) were isolated by PCR with the use of pMX-h40/mRK and its TRAF6-binding site mutants as templates and were inserted into pME18S together with GST protein cDNA to express GST-BS-I, GST-BS-II and GST-BS-III. To express hCD40 carrying the TRAF6-binding site derived from mouse RANK, a portion of the hCD40 cDNA that encodes a 17-mer peptide containing the TRAF6-binding site (amino acids 229-245) was replaced with mRANK cDNA that encodes 17-mer peptides containing one of the TRAF6-binding sites (BS-I, BS-II or BS-III). The resulting chimeric cDNAs were inserted into pMX-puro to generate pMX-h40-BS-I, pMX-h40-BS-II and pMXh40-BS-III. 
Retrovirus-mediated gene transfer and ex vivo assays for differentiation and activation of osteoclasts
The packaging cell line Plat-E (2 Â10 6 ) cells were transfected with 2 mg of various retrovirus vectors. Virus stocks were prepared by collecting the cultured media 48 h after transfection. Bone marrow cells (1 Â10 6 ) derived from C57/BL6 mice were cultured in a-MEM/ 10% FBS with 10 ng/ml M-CSF (PeproTech) overnight in 24-well plates. Cells were subsequently incubated in virus stock medium containing 10 mg/ml polybrene for 4 h. Infected cells were then cultured for 1 day in the presence of M-CSF and were further cultured for 2 days with puromycin (2 mg/ml) in addition to M-CSF to remove uninfected cells. Cells were then unstimulated or stimulated with 0.1 mg/ml anti-human CD40 monoclonal antibody (G28-5: American Type Culture Collection (ATCC) HB9110) (Clark et al, 1988) or 100 ng/ml RANKL (Wako). Adherent cells were fixed in 10% formaldehyde, treated with ethanol:acetone (1:1) and stained for TRAP (Yasuda et al, 1998) . TRAP þ multinucleated cells containing more than three nuclei were counted as osteoclasts. For pit formation assays, bone marrow cells were subjected to retroviral infection under identical conditions to those of the TRAP assay. Cells were recovered by addition of Cell Dissociation Solution Non Enzymatic (Sigma-Aldrich) and replated on serum-coated dentin slices (Wako). Anti-human CD40 antibody was added to the culture medium at 24 and 48 h after replating. Adherent cells were removed by ultrasonication after addition of 1 M NH 4 OH to the wells 6 days after the last anti-CD40 antibody administration. Resorption pits were visualized by staining with 0.5% toluidine blue, and the resorbed area was measured with the use of an image analysis system (System Supply) linked to a light microscope (Nikon). TRAP þ cells were counted in a matching set of cultures.
Cytometric analysis
Cells (1 Â10 6 ) were harvested with phosphate-buffered saline (PBS) containing 10 mM EDTA and incubated on ice for 1 h with phycoerythrin-conjugated anti-human CD40 antibody (BeckmanCoulter). Expression of h40/mRK or hCD40 was detected by flow cytometry (EPICS-XL; Beckman-Coulter).
GST pull-down assay and Western blot analysis
Human 293T cells were cotransfected with an expression vector for FLAG-tagged TRAF6 (pME-FLAG-TRAF6; Ishida et al, 1996a) and with an expression vector for GST-tagged RANK cytoplasmic tail or a 17-mer peptide containing a putative TRAF6-binding site. At 36 h after transfection, cells were harvested and lysed with TNE buffer (Ishida et al, 1996b) followed by centrifugation. The supernatant was incubated with glutathione-Sepharose beads (Amersham Biosciences) for 1 h at 41C. After the beads were washed, the GST fusion protein complexes were separated on 10% polyacrylamide/SDS gels. For analysis of signal transduction, cells were washed with PBS and lysed in RIPA buffer (10 mM Tris-HCl (pH 7.2), 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 1 mM EDTA). The lysates were separated on 10% polyacrylamide/SDS gels. For Western blot analysis, proteins separated on gels were transferred to PVDF membranes. The membranes were then incubated with anti-phospho-JNK, anti-phospho-p38, antiphospho-p44/42 MAPK antibodies (Cell Signaling), anti-FLAG M2 monoclonal antibody (Sigma-Aldrich), anti-IkBa, anti-p38, anti-ERK2, anti-NFATc1 antibodies (Santa Cruz Biotechnology), anti-tubulin antibody (Oncogene) or anti-GST antibody prepared by injection of recombinant GST protein into rabbits. After three washes, the membranes were incubated for 1 h at room temperature with anti-rabbit or anti-mouse IgG conjugated to horseradish peroxidase (Amersham Biosciences). Immunoreactive proteins were visualized by the ECL detection system (Amersham Biosciences).
Electrophoretic mobility-shift assays Nuclear extracts were prepared as described (Andrews and Faller, 1991) from bone marrow cells that were either unstimulated or stimulated with CD40 ligand (CD40L, R&D Systems). Equal amounts of extract (5 mg protein) were incubated with 32 P-labeled double-stranded oligonucleotide containing a kB site from the mouse k light-chain enhancer. The DNA-protein complexes were analyzed as described previously (Kobayashi et al, 2001) .
Ca
2 þ measurement For Ca 2 þ measurement, cells were incubated in the presence of 5 mM fluo-4 AM, 5 mM Fura Red AM and 0.05% pluronic F127 for 30 min in serum-free a-MEM. Cells were then washed twice with a-MEM and incubated in the presence of a-MEM with 10% FBS and M-CSF for 20 min. Cells loaded with these dyes were washed three times with Hanks' balanced salt solution and mounted on the inverted stage of a confocal microscope (Leica). At an excitation wavelength of 488 nm, emission at 505-530 nm for fluo-4 and 600-680 nm for Fura Red was analyzed simultaneously at 5-s intervals. To estimate the intracellular Ca 2 þ concentration ([Ca 2 þ ] i ) in single cells, the ratio of the fluorescence intensity under baseline conditions was divided by the maximum ratio increase obtained by adding 10 mM ionomycin and was expressed as the percent maximum ratio increase.
